TiO 2 has been used as a model system for the surface of medical implant devices based upon titanium alloys. Self Assembled Monolayers can be applied via a specific phosphate interaction to modify the surface properties of the TiO 2 substrate. Here, is demonstrated via in situ Quartz Crystal Microbalance and Neutron Reflectometry experiments that the deposition of dodecyl phosphate onto TiO 2 proceeds more rapidly at pH 4.5 than at pH 7.0. Conversely, the film stability was enhanced for films deposited at 10 pH 7.0. While the adsorbed amount appeared to be relatively constant after a few minutes incubation time it was found that washing with buffer removed about 50 % of the adsorbed material after these short incubation times. With incubation time of the order of hours the proportion of the film washed off the surface decreased demonstrating that the specific phosphate -TiO 2 interaction was a slow process. The slower initial surface interaction at pH 7.0 therefore allowed greater re-arrangement of the dodecyl 15 phosphate resulting in more complete and robust monolayers than at pH 4.5. This was demonstrated by washing the film with buffer of increasing pH of up to 9.5. For the worst performing films, with incubation times of less than 300 min , at least 45 % of the initial monolayer was removed during the pH titration whereas the most robust film (< 5% removed) was deposited at pH 7.0 with an incubation time ca 1000 min . 
Introduction
Self-assembled monolayers (SAMs) are widely used to modify the properties of many surfaces. There is a wide interest in and application of surface modification via SAMs for biosensors 1 , protein adsorption 2 , cell adhesion 3 and other biomaterials 25 applications. A potential use is the coating of medical implant devices, where the generic efficacy of implants can be limited by the presence of the implant causing unwanted side effects; inflammatory responses and fibrous encapsulation being two examples 4 . However, when the surface of an implant is coated 30 with a SAM it may render the implant surface more biocompatible and facilitate incorporation into the host tissue 5, 6 . Many medical implants, such as joint replacements, are made of titanium alloys, thus creating SAMs on TiO 2 (titania), the natural oxide, is of particular interest and relevance. 35 One of the most commonly used systems to create SAMs on solid supports is thiol chemistry on gold surfaces. [7] [8] [9] [10] The SAM may be introduced to enable some desirable property of the substrate to be used in what may otherwise be a hostile environment. It could also be that the substrate is purely a vehicle to support the 40 SAM and the properties that it presents to the, usually, liquid environment. Clearly, a good understanding of both the deposition and properties of the SAM are required for success in either case. The ability to produce a SAM from a one-step deposition process from aqueous media, under ambient 45 conditions, is highly desirable, as it is simple with low input energy costs. The Au -thiol SAMs already mentioned typically use ethanolic solutions under ambient conditions. Alkyl phosphates can self-assemble onto metal oxide surfaces in solutions of organic solvent. 11 In recent years a procedure has 50 been developed whereby alkane phosphates can be deposited onto metal oxide surfaces from aqueous solutions (by converting the water-insoluble acid to its water-soluble salt) under ambient conditions. This procedure has been carried out on Typically, alkane phosphates spontaneously assemble on TiO 2 through the phosphate functional group of the molecule. The monolayers formed are ordered and densely packed, similar to those obtained through thioalkanes on gold 11, 13 . SAMs of alkane phosphates are produced through uniform film growth with an 60 initial rapid attachment phase followed by a much slower increase in the grafting density on the surface 14 . It has been shown that alkyl phosphates assembled onto TiO 2 show a chain length dependency in their packing density on the surface -the packing density increases with carbon chain length, reaching a 65 maximum density at C 16. 15 The stability of alkane phosphate SAMs on TiO 2 have been investigated, 16 with over 80 % of a dodecyl phosphate monolayer lost after one day of immersion in physiological-like Tris buffered saline (TBS) at 37 ˚C. The rapid degradation of the dodecyl phosphate SAM is demonstrated by 70 the water contact angle of >110˚ (before immersion) reducing to ~ 63˚ after one day's immersion in TBS 16 . However, the same monolayers are much more stable in ambient air with only 20 % of the SAM on TiO 2 lost after two weeks. 16 It has been suggested that the reduced stability in aqueous solutions is due to the relatively small volume of a water molecule, allowing penetration into the film. In contrast, molecules with a larger volume, such as 5 toluene, cannot penetrate into the film and thus the SAM is more stable when immersed in a solution of toluene. 17 Contact angles of methyl terminated phospho-alkane monolayers on TiO 2 exposed to organic solvents with large molecular volumes (>140 Å 3 ), or to air, showed no change in contact angle after exposure.
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The contact angle remained >100˚ indicating the presence of a hydrophobic monolayer 17 . The wettability of alkane phosphate SAMs can be modulated by having mixed monolayers of methyl terminated and hydroxyl terminated alkyl chains. 11, 13 
Experimental Materials

35
All chemicals were purchased from Sigma-Aldrich (Sydney, Australia) unless otherwise stated. Silicon wafers for reflectometry were purchased from EL-CAT (NJ, USA).
Preparation of dodecyl phosphate ammonium salt
We used the method of Hofer et al. 12 Briefly, 2.0 g of dodecyl 40 phosphate was dissolved in 200 mL propan-2-ol and heated to 80 ˚C until fully dissolved. 6 mL of ammonia (25 % aq) was then added and a white precipitate formed. The solution was then cooled on ice and the precipitate filtered under vacuum. The white powder was then washed with ice-cold propan-2-ol. The 45 dodecyl phosphate ammonium salt product was then dried at 60 ˚C under vacuum overnight.
Buffers and solutions
All buffers were made to a concentration of 10 mM. Acetic acid/sodium acetate was used for pH 4.5 and 5. and provides information on the viscoelastic properties of the materials deposited on the sensor surface. When a complete monolayer is formed on the surface, and the change in dissipation is negligible, the monolayer can be considered rigid and the Sauerbrey equation, below, is valid and can be used to calculate 95 the mass absorbed to the surface per unit area (Δm):
where ρ q is the density of quartz (2648 kg m -3 ), v q is the speed of sound through quartz (3340 m s -1 ), F is the fundamental frequency (5 MHz) and n is the overtone number. From this the 100 area per molecule (APM) can be calculated: [2] where M r is the relative molecular mass (264 g mol -1 ) and N A is Avogadro's number.
Neutron Reflection
105
Specular neutron reflection probes the scattering length density profile normal to an interface. Scattering length density is a measure of how strongly a neutron is scattered by a given material. The neutron reflection (NR) experiments were carried out on the Platypus time-of-flight neutron reflectometer at the 10 OPAL 20 MW research reactor (Sydney, Australia) 21, 22 . Here we used a frame rate of 20 Hz, with a fractional wavelength resolution of 4%. The specular reflectivity was collected at three incident angles, 0.45, 1.6 and 4.5 o using a wavelength (range of 3.5-16 Å. The resulting Q range is 0.01-0.25 Å -1 :
Data collection times were 15 minutes for 0.45˚ and 1.6˚ and 90 minutes for 4.5˚. Direct beam measurements through the silicon substrate were collected for each incident angle under the same collimation conditions. Data was reduced using the SLIM 20 reduction package. 23 The reflectivity profiles from each incident angle were re-binned to instrument resolution, corrected for background and detector efficiency and stitched together at the appropriate overlap regions. Additionally, the Platypus data collection system is configured so that time slicing of the data can 25 be performed post acquisition. Therefore, data was collected during film assembly over many hours and then sliced into whatever time profile was required to follow the assembly kinetics of the SAM.
Neutron Reflection Data Analysis
30
Data analysis was carried out using the MOTOFIT reflectometry analysis package 24 . The NR data was initially fitted via a series of slabs representing the real space scattering length density profile perpendicular to the surface. Each layer is described by three parameters: a thickness, a scattering length density (SLD) 35 and a Gaussian interfacial roughness. Subsequently the fit was reparameterised so that the slab or layer corresponding to the alkane phosphate was described using the APM and a thickness. The APM calculation by definition includes the scattering due to both the molecule and any water that may have penetrated the 40 film. The APM of a layer used in the NR data fitting is defined as follows:
Where b is the sum of the scattering lengths of the molecule (Å); t, the thickness of the layer (Å);  L , the SLD of the layer (Å   -45 2 ), V, the molecular volume of the molecule ( analysed by histogramming the fitted values. The distribution of each parameter was statistically analysed with the parameter value taken as the midpoint of the 95 % confidence interval and its uncertainty from the standard deviation of the distribution.
Results:
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Deposition of dodecyl phosphate ammonium salt
The dodecyl phosphate ammonium salt was deposited from solutions at pH values of 4.5 and 7.0, with Fig. 1 showing the impact of incubation time. The larger the change in frequency, left hand axis, the greater the mass deposited onto the surface. The rate of deposition is faster at pH 4.5 than at pH 7.0 as 10 evidenced by the more rapid decrease in the f signal. The amount assembled onto the TiO 2 surface at each pH reaches a similar saturation point (Fig.1b) after about 360 minutes. The overtones all overlap, indicating that a complete layer has formed which is rigid with little water associated (Fig. 2) carried out, non-chemically bonded material is removed from the TiO 2 surface, with a greater loss observed in the pH 4.5 buffer solution at both the short (Fig. 1a) and intermediate (Fig. 1b) incubation times. The loss of material leads to a corresponding increase in the area per molecule. Table 1 QCM-D data, we observe more variation in the data over the first four hours of incubation (Fig. 3b) . Once again the film appears almost completely formed in the time taken to start the experiment with no variation in signal over the first ten minutes. However, after 60 minutes there is a more noticeable increase in 55 fringe intensity but no further variation over the next 180 minutes. (Fig. 4b) corresponds to the TiO 2 film / solution interface. As the two datasets were collected on the same substrate the silicon oxide 15 and TiO 2 parameters (such as SLD, thickness and roughness) were constrained to be equal between contrasts. This principle was followed wherever possible. The washed dataset was collected after the cell volume had been 30 exchanged more than ten times resulting in complete solution exchange. Table 2 lists the APM, tail thickness and surface excess of alkane phosphate monolayer from all NR experiments after incubation at the indicated times. 35 Figure 5 shows the impact of pH titration on three films deposited in the QCM. After 330 minutes incubation for pH 4.5, Fig. 5a , the usual loss of mass on washing (~ 50 %) is observed. The pH washes after that had very little impact on the monolayer. After 40 107 minutes incubation at pH 7.0 (Fig. 5b) there was an initial loss of material (~ 20 %) when the surface was washed with buffer. Further material was removed upon washing with pH 4.5 buffer (~ 10%). The monolayer was then relatively stable until the pH 8.5 and 9.5 washes where finally there is only 50 % of the 45 monolayer remaining. After 310 minutes of incubation at pH 7.0 in the QCM-D (Fig 5c) a more stable film was produced. Upon washing about 40% of material was lost from the surface. The SAM was then very stable until the pH 9.5 wash where a further 20 % of the SAM was removed. The subphase pH was stepped from 4.5 to 9.5 for samples produced on Platypus at pH 4.5 and 7.0. Figure 6 , where longer 15 tail length and smaller APM indicate a more complete SAM, presents a summary of the data fitting as a function of pH exposure. See Fig. S1 for the data and fits for pH 4.5 (1140 minutes) and pH 7.0 (1020 minutes) preparations from which the APM was calculated. At pH 4.5 there is an initial loss of material 20 when the surface is washed with pH 5.5 buffer, the APM and tail length is then relatively constant as the pH is increased to 9.5 ( Fig. 6 ). This is consistent with what is observed with QCM-D (Fig. 5) . The 1020 minute incubation pH 7.0 surface was exposed to pH 4.5 buffer with the APM and tail length unchanged from 35 the washed values at pH 7.0 (Table 2) .
Stability of the dodecyl phosphate films with increasing pH
This surface was then remarkably stable up to pH 9.5. A different trend is observed for the 320 minute pH 7.0 incubated surface. This sample initially seemed to have a more complete SAM than the long incubation sample but proved to be the least stable monolayer against increasing pH. By mass, 44 % of the initial SAM remained on the surface at pH 9.5. This is consistent with observations of a dodecyl phosphate monolayer that had 100 15 minutes of incubation time (Figure 5b ). There is an initial loss of material when the buffer is switched from pH 7.0 to pH 4.5 with an 18 % loss of mass from the surface. The monolayer remains relatively stable from pH 4.5 to pH 7.5 with little mass variation. However at pH 8.5 and above a large mass loss is observed with 20 only 46 % of the original mass remaining on the TiO 2 surface at pH 9.5 ( Figure 5b ).
Discussion:
Deposition of dodecyl phosphate ammonium salt Therefore at pH 4.5 the surface is likely to be slightly negatively charged with the concentration of dodecyl phosphate used, the 45 dominate species is likely to be negative with a singly deprotonated phosphate (i.e. a net charge of -1) 29 . At pH 7.0 the surface will be negative with the dodecyl phosphate distributed between singly and doubly negatively charged species. Nakayama et al 29 found it difficult to determine the pK values 50 precisely, therefore at pH 7.2 it is reasonable to assume singly and doubly deprotonated species with a bias to the latter. At pH 9.5 one would anticipate a negative charge on the TiO 2 surface with the dodecyl phosphate possessing a double negative charge. While there is a difference in the charge based interaction at pH 55 4.5 and pH 7.0 which influences the deposition rate, the completeness of the monolayer quality is not affected. The final SAM is therefore determined by the specific chemistry of the phosphate / TiO 2 interaction. It has previously been observed that considering the variation of the IEP of a range of metallic oxides 60 did not predict SAM formation with dodecyl phosphate. 12 It has been shown that when forming SAMs of alkane phosphates on TiO 2 there is a two-step kinetic process where the adsorbatesubstrate interactions dominate the formation of the SAM. Our results confirm this as the variation in pH predominantly affects 65 the kinetics of formation rather than the final SAM. Figure 7 shows data that summarises the SAM stability when exposed to buffers with increasing pH. This data is calculated by comparing the mass of monolayer on the surface with the mass 70 after washing. It is quite clear from this figure that the best performance was obtained from a film deposited at pH 7.0 (Fig.  7b) for 1020 minutes (NR) where only about 5% of the monolayer was removed as sequential exposure to a series of pH values. This confirms that electrostatic attraction was not the 75 determinant of film formation as both the surface and phosphate group would be negatively charged at this pH. The film deposited in the QCM-D for 105 minutes at pH 4.5 (Fig. 7a) appears to show anomalous results, when the error bars are considered it is apparent that the variability in the data is within the errors of the 80 measurement. This data is the average over four channels on the QCM-D with the error shown as the standard deviation, clearly there are significant differences in the adsorbed amount after washing for these times. Table 1 shows the initial pre-washed and washed amounts for this deposition where it can be seen that the 85 washed APM is 41 Å 2 , equal to about 30 % surface coverage.
Stability of the dodecyl phosphate films with increasing pH
With the exception of three samples all SAMs tested had about 50 -60 % of the washed monolayer remaining after treatment with increasing pH solutions. When alkane thiol films on gold are exposed to varying pH a complete monolayer is stable from pH 1 to 12 with no or insignificant amounts of material lost from the gold surface 30 . Above pH 12 (sodium hydroxide solutions) 15 material loss from the gold surface is observed and it was speculated that the loss of material was due to direct attack from the hydroxide ions or degradation of the gold surface rather than a change in the protonation state of the thiol 30 . Our results also suggest that once a complete SAM is formed it is resistant to pH 20 variation, demonstrating that the phosphate groups are covalently bound to the TiO 2 surface and that the loss of material from SAMs with short incubation times (i.e. where there is an incomplete monolayer) is likely due to direct attack from anions rather than from a change in the protonation state of the 25 phosphate group. The indirect study of the stability of alkane phosphates in physiological-like buffers at 37 o C revealed a rapid loss of material from TiO 2 surfaces 16 . This rapid loss of material was attributed to the hydrolytic instability of phosphate group on Ti and the enhanced degradation in the presence of buffer over 30 plain water due to the presence of sodium and chloride ions 16 . Mani and co-workers 16 also showed a reduced degradation of dodecyltrichlorosilane SAMs on TiO 2 in buffer compared to dodecyl phosphate and this was attributed to a stronger Si-O-Ti bond. We can therefore conclude from our results that the loss of 35 SAM material from incomplete monolayers at high pH is from enhanced hydrolysis of material at the surface rather than a change in the protonation state of the phosphate head group.
Conclusions
We observed an initially faster association of the 40 dodecylphosphate with the TiO 2 surface at pH 4.5 than at pH 7.0 which was attributed to differences in surface charge. Our results show, both in the QCM-D and NR that pH stability is enhanced for monolayers prepared at pH 7.0. According to a study 31 of the deposition of octadecyl phosphonic acid onto zirconated silicon, 45 ZrO 2 and TiO 2 powders the key parameter is the strength of the phosphate -metal cation bond. It was observed by 31 P solid-state NMR that the chemical shift of the phosphorous peak was least for the TiO 2 surface, attributed to incomplete de-protonation of the phosphonic acid headgroup. Under the deposition conditions 50 used in this work we would expect that the phosphate headgroup would be more protonated at pH 4.5 which may explain the reduced stability of pH 4.5 deposited films. The slower deposition rate observed at pH 7.0 may have allowed rearrangement of the dodecylphosphate into a more densely 55 packed SAM. Furthermore it also seemed that shorter incubation times were required in the QCM-D than in the NR cell. This could be related to both the much active area of the QCM-D chip as well as some difference in the solution flow conditions. There was no solution flow after the initial wash over samples produced 60 for NR, whereas for QCM-D the surfaces had solution flowing across them for 20 minutes followed by static incubation. The QCM-D does though apply a small perturbation to the chip, which may have impacted upon the mass transfer to the surface. It would be interesting to repeat the NR depositions under flow 65 conditions. 
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